
IT0
4' Tt '0

CA)



Class No. 621.455

Technical Note No. R.P.D.19

August, 194+9

ROYAL AIRMjU'T ESTABLISI-BW~T, FARNBOROUGH

M~'ixing Nozzles for Liquid-Fuel Rocket Motors

By1

'JLDiedorichscn, H.lValder and H.H. Treutler
Rocket Propulsion Departme nt, Westcott

SUMK[IARY

Wthen two immiscible liquids are to be used as rocket propellants
it may be advantageous to spray them as a fine cmulsion into the combus-* tion chamber. Experimental work has been carried out on nozzles in whichtwo liquids are caused to form an emulsion by mans of rotational forces
resulting from the prossuru drop in various swirl nozzles. Modifications
of well knowin types of swirl atomiz,_rs have been tried, but the bestresults have been obtained with a nozzle designed specially for mixing.Proposals are made for determining -, -hother mixing nozzles give resultswhich arc; better than these obtained by conventional methods of injection.

Y/

M~STRIBUTION STATENIENT A
Approved for PubV~C Release

Ds3tributionLJU hs



Technical Note N. R.P.D. 19

LIST OF CONTENTS Page

1 Introduct ion 3
2 Performance of a simple swirl nozzle used as an emulsifier 3

2.1 Apparatus 3
2.2 Experimental results 4
2.3 Characteristics of the emulsion 5

3 Existing solid cone mixing nozzles 5
3.1 Experiments with a solid cone nozzle with one liquid 5
3.2 Experiments with a solid cone nozzle used as a 6

mixing nozzle
4 New type of mixing nozzle 7

4.1 Experimental nozzle design 7
4.2 Experimental results 7
4.3 Calculations on optimum mixing nozzle 8

5 Conclusions 8
References 9
Advance Distribution 9

LIST OF APPENDICES Appendix

Determination of mixturo ratio in the spray I
Drop size of spray from solid cone nozzle II
Mixture ratio distribution for experimental nozzles III
Calculations on optimum mixing nozzle IV

LIST OF ILLUSTRATIONS ZIA.

Section through simple swirl mixing nozzle 1
Emulsion from simple swirl nozzlc 2
Microphotograph of enulsion: fine exulsion x 80 3a
Microphotograph of emulsion: course enulsion x 80 3b
Mass distribution of spray from various nozzles

Solid cone 4
Solid cone, shorter swirl chamber 5
Solid cone, longer swirl chamber 6
Solid cone, central jet inclined at 3-ff from axis 7
Hollow cone 8
Double cone nozzle 9
Solid cone mixing nozzle, central jet paraffin 10
Solid cone mixing nozzle, central jet water 11

Solid cone mixing nozzle 12
Distribution of drop size of spray from hollow- and 13

solid-cone nozzle
New mixing nozzle 14
Mixing nozzle A (0 = 150) in operation 15
Variation of centrifugal and total accelerations and of 16

centrifugal and total velocities for different nozzle and
spray cone angles

-2-



Technic2 Note No. R.P.D.19

1 Introduction

In order to achieve combustion in a smaller space than that required
with normal methods of injection, Dr. J. Schmidt proposed that a type of
nozzle mij7ht be used in which the propellants were mixed to an emulsion
just before they were sprayed into the combustion chaiber. Some com-
bustion experiments with a conventional typo of swirl nozzle were made
to try out this proposal, but the results were insufficient to determine
the value of mixing nozzles. The tests and. calculations described in
this note aeru undertaken to obtain additional information.

Due to the intimate mixture of the propellants, higher rates of
combustion may bo Gxpected by the use of a mixing nozzle. Mixture,
hovcvr, must be confined to a small space owing to the danger of explo-
sion in the emulsion. Hitherto good atomization and mixture of propel-
lants in the combustion chamoor has had to be eAffcted by a number of
small nozzlis. With a mixing nozzle of suitabl. design it should bu
possible to replace them by a single nozzle. Alt1-ough the drops omay be,
larger, they should ned no further atomization because it is considered
that they will dotona. te on ignition. It is not yet knovn exactly how
single drops of propellant emulsion burn, but tlhis will be investigated
when facilities are available.

At the start of these tests, it seemed aliost certain that a ifflu,l
type of nozzle could be used to prepare ian eolsion, since accorin47 to
the conclusion re_ached by the Joseph Lucas Ihscarch LaboratorAc, - h)
actual atomization at high pressure is primarily due to micro-turbulence
resulting from the very high throat velocities."

An attempt was made to exmnine the behaviour of a r.ixture of
propellants in the usual type of swirl nozzle by replacing parts of the
steel nozzle by glass, but little could be seen .part from the facot that
an ervlsion was formed. As the emulsion is turbid the mechanism of
formation c:n_r ,t be studied, and it is still not known how the opposang
force,; of centrifugal force and friction interact upon the drops, of
denser and lighter immiscible liquids. Earlier investigitions in this
subject, however, show :hat happens when only one liquid passes through
the nozzle , 2.

2 Purformance of a simple swirl no:,zle used an an emulsifier

2.1 ,pparatus

A noszle Tro , i h rirogun peroxide "steL generator" was used for
thes; tests. Thi nozzle (s, Fi!. 1) has two tangential inlet holes
giving a hollow cone spr,g{ n itli a throughput of 60 gm/sec at a pressure
of 7 atm(gaugc). The no:zzle was connected by two pipes to two containers
from wihich par-,Xfin and water respectively could be fed by compressed
air; the ratus of flow wcro controlled by valves situated in the feed
pipes. The two li,,uids have diffurunt densities ard are of course
in,misciblo. It was found that a coarse mi,xture was produced where the
two liquids met just .bove the swirl-plate of the nozzle, but a ruro
intimate mixture was produced in the swirl ch lb:er. To sa.ple the
mixture distribution across a section of the spray 36 test tubes were
placed ll c:.. below the nozzle, as shown in the diagraL. The mthod of
dotcrrining the i,ture distribution is described in Appendix I.

/Diagre-u-
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2.2 Reporir.enta. Results

For the first test the 7ean ratio of paraffin to water was 1 to 1.4
by volizao. The mixture ratio inside and outside the spray cone at each
Ur eight points is shAml in fig. 2: a shratdd field of 1 mf. iij91otus I%
defienc y below the r:mixture ratio 1/1.4 and sdi un.-h-,d field of 1 zz
1% excess of water -Lbov, the rixture ratio 1/!.!4.. The average deviation
was 5. 9%. Fig. 2 a-lso shows the inass distribution of the spray.

It was found that the above deviation fr( m the uan mi'iinre ratio
undergoes no substantial altenaion whon the svCf)M liol (soap
solution with surfTee tens,ion j1 dyns/cn ir stead of water with Slv,rkelotension 72 .. or the density (C-.Cl solution with density 1. 25

gi.i/cc instead of water with density 1.0 gm/cc), or the man mixturo. i-oio
(1/3 instead of 1/1.4) is changed. There is every reason, therefure, to
suppose that the per-innce of this nozzle will be the sa:e with prUaf-
fin and nitric acid or vith paruffin and hydrogen peroxide vvhich is the
propellant con1linati(-n u.ed in coiusticn tests. On the other hand, this
type of mixing nozzle gives no better result than a nozzle deThvering two
interpenotrating spray cones for fuel and oxi-iniit L-()Proo o,ly as the
mixturo ratio is incorrect, but with interpenetrating sprays the correct
mixture ratio ' bcuind to be reached somewhereo. This is true, however,only for erovooric; mixing, and the nozzle te..ted may have the, advantage
that the poaaffin droplets rc smaller than they would be if the paraffin
vere atond.i zed sep-a-ately The droplet size can bc estimated from the
Mlcrophcltograph (i.3' wiich was obta-inedi from an eniicn -fnlbili-70d
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by adding 0.1% soap to the water before the liquids were sprayed through
the nozzle. The paraffin droplets show up as vhite spots. Apart from a
few large drops, the droplets are about 0.01 nm or less in diameter, and
are smaller than those usually obtained from swirl nozzles. As it was
thought possible that the paraffin drops had been further divided on
impact with the walls of the glass beaker in which the emulsion was
collected, single drops were caught on a glass slide at some distance
from the nozzle vdere their speed was lower. Out of more than 100 drops
examined under the microscope, none were found to consist of one liquid,
and all were of an emulsion finer than that shown in fig.-3a. It is,
therefore, concluded that the large drops have been formed by recombina-
tion.

Single droplets were not photographed because there is always
movement inside them, and only a small part of a globule is sharply
defined under the microscope.

The results with this type of mixing nozzle may be sumnarized as
follows: -

The mixture ratio is not uniform across the spray cone, but very
fine atomization is obtained. Owing to the unsynnetrical distribution it
is unlikely that nozzles of this type will give good results in very
snall combustion chcabors.

2.3 Characteristics of the Emlsion

Paraffin-water eulsions may be either emulsions of paraffin in
water or of water in paraffin. The wite globules seen in the micro-
photograph are paraffin droplets; this was established by making an
emulsion with coloured paraffin which yielded coloured droplets in
colourless water.

Erulsions are strongly influenced by soaps; alkali soaps usually
yield paraffin-in-water er-ulsions. As sodium soap was used as a stabi-
lizer, this suggests that the emulsion r.ght be paraffin in water. When,
however, no soap was used a paraffin in water emulsion was obtained which
was sufficiently stable to show that it could be readily diluted with
water, but not with paraffin; this neans that paraffin is the dispersed
mediui. The microscope also shows that the density of the small paraffin
globules is less than that of the surrounding water, as wen the micro-
scope objective is raised, the "Beckes line" mves into the globules.

3 Existing Solid Cone Mixing Nozzles

Only one reference to mixing nozzles has been found described in
the literature3 ; in this article is described a solid cone nozzle with a
separate feed line to the axial jet. A solid cone nozzle is a hollow cone
nozzle with the addition of an axial jet which strikes the rotating fluid
and breaks it up just within the orifice. Although solid cone nozzles
have been known for a long time, this principle has not been used very
much for rocket motors.

A solid cone would have the advantage of making better use of the
space in the combustion chamber and of providing more uniform distribution
of hydrogen peroxide in steam generators. It was thought desirable,
therefore, to examine the sprays from solid cone nozzles.

3.1 Experiments with a Solid Cone Nozzle with One Liquid

As in the previous experiments a nozzle from a steam generator was
used. An additional hole was drilled through the centre of the swirl
plate (see fig.l), and the distance from this plate to the orifice was

5-



Technical Note No. R.P,D.19

adjusted so as to produce a uniform -ass distribution in the spray cone.
It is difficult to make the distribution of the spray of a solid cone
uniform, and the effect of slight variation, in de.ign are shown in fig.
4-7. To facilitate comparison, the ordinate,s of the curves and those of
4-11 representing mass flow per unit area have been reduced so that themaxima have a value of unity

One of the disadvantages of this type of nozzle is that it must be
made much more accurately than the usual hollow cone nozzlc. Fig. 5 and
fig. 6 show the different forms of spray that wore obtained from a similar
nozzle by altering the length of thu swirl chwnbor by loss than 1% i.e.
0. 1 mm; fig. 7 shows the spray from another solid cone nozzle in which the
axis of the centrul jet was inclined at about 3 ° to the orifice axis.
Because of the influes.ncc of these small deviations, difficulties would
be encountered in manufacturing these nozzles, since each nozzle would
have to be insopect_d, and in many cases read,ustiLnt miEgt be necessary.
A comparison of the spray froi a hollow cone nozzle (fig.8) and that from
a solid cone nozzle (fig. 4) show that the iirprev,mnt in i- ass distribution
appears to z.'dko it worth while to use the solid cone nozzle for certain
applications, such as hydrogen peroxide steam generators, despite the
closer manufacturing liits r.>luired. It is i.portant, especially in
steam generators, that the hydrogen peroxide is distributed evenly on
th, surface of the catalyst, and the solid cone nozzle should be better
than a nuaber of hollov cone nozzles.

A disadvantage of the solid cone nozzle is that the drops produced
by it are largur than those from a hollow cone nozzle. Tt- measure the
drop size a mchanical shLter device was used to collect a sample of
drops (see Appendix II). It was found that the drops from the solid

cone nozzle (fig. lb) were bigger than drops fro. the simplo swirl nozzle
(fig. la) witheut a central j,. The measurement of drop size is described
in Appendix II.l The rlativcly large size of the drops is a drawback
when the propcllants !xe atQem-izud separately, but it is probably of less
importance when the propellants have boon m4xod to an emulsion before
atoirizat ion.

Y!hore big drops are a x rewb,1 ck but it is desirable to use a solid
cone, a double cone nozzle, which has been prop(.sod by 7. Kretschunor, can
be used with adva-ntage. This nozzle delivers tweo hollow spray cones
similar to those used for m-.ixing oxidant and fuel inside the combustion
chamber, but in this case the aipex eu'gle of the inner cone is smaller
than that of the outer cone, so that the t,Iio concentric cones interfere
only slightly with onu anothor, The sr,\y pattern of fig.) was obtained
from a double cone nozzle of this type. The distribution of the spray
can be made more uniform if the difference betwcen the apex nglos of the
cones is reduced, and a still nearer approach to uniformity can be ob-
tained if the inner cone is made s,olid. This type of nozzle, is similar
to a single solid cone nozzle except that the spray round the periphery
of the cone, ,hich forms a large part of the total, is finer.

3. 2 Experiments with a Solid Cone No.zlo used a.s a Mixing Nozzlu

In order to usc the solid cone nozzle as a mixing nozzle it was
necessary to modify the app-.) tus so that the contral jet and the tan-
gontial holes could be fed from sep,Arate containers. A nozzle of this
type was made (see fig. 12); paf-37fin was fed througi the central jet and
water through the outer annulus and the pressure of the central jet was
adjusted to give a uniform sprav The mixing :ffect ,.as fairly good.
Fig. 10 shows that the contral paraffin jet is distributed throughout
the cone, but that the mixture ratio parafin/water decreases from the
centre -to the poriphury. On the %,holo, therefore, the mixing effect of
this nozzle is net as good as_ that efa swirl nozzle in tAhich both liquids
are fed throughi tangential ho,les

- a -
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As denser liquids tend to reach the outside of the spray cone,
mixing might be better if the central jet were water, and paraffin were
fed through the tangential holes. This method was tried and, as can be
seen from fig.ll, the distribution of each liquid was different from
that in the previous test (fig. 10) but the mixing was no better.

4 New Type of Mixing Nozzle

The spray from an ideal mixing nozzle should be a fine emulsion,
and the mixture ratio should be the same in all parts of the spray.
These two factors are of vital importance, since combustion occurs very
near to the orifice of the mixing nozzle. This has proved to be the case
with nitric acid and paraffin.

From the foregoing experiments it is clear that it is possible to
make emulsions by moans of swirl nozzles and when these emulsions are
collected in a container they are found to be very finely divided and
appear to be homogeneous, though the mixture ratio of the two liquids
varies for samples of emulsion taken from different points of the spray
cone.

Although tets showed that solid cone nozzles were not as good
mixing devices as svrirl nozzles it seemed possible that they could be
improved by drilling additional holes at an angle to the main axis. This
modified nozzle, adjusted to give the correct mixture ratio is the basis
of the new type of mixing nozzle described below.

4. 1 Experimental Nozzle Design

In order to investigate a wide range of throughputs, two sizes of
nozzle vrere designed. As a basis for experiment the following throughputs
were chosen for 10 atm. feed pressure for both liquids.

Nozzle A (medium size) throughput 1000 gm/sec (2.2 lb/sec)
Nozzle B (large size) throughput 5000 gm/sec (11 lb/sec)

Each nozzle was made with three different values of p (the semi
included angle) 150, 300 and 600 respectively for the swirl chamber.
The complete nozzle consists of easily interchangeable parts of light
alloy. A section of the nozzle is shown in fig. 14 and the photograph,
fig.15, shows the medium size nozzle. ( = 150) in operation at a pressure
of 10 atm (gauge). The tangential inlet holes into the swirl chamber
were drilled through a jig in such a way that both liquids are forced to
swirl round in the same direction; the water comes from the outside and
the paraffin from the middle. In every case the swirl chamber was made
of such a length that the outlet orifices were the same size for nozzles
of the same size group regardless of the value of p. The feed pressures
were measured on large diameter pipes very near to the nozzle. At the
highest throughput (5000 gm/suc) the velocity was only 1.9 n/sec in the
pipes and so the loss of pressure head was less than 0.02%.

4. 2 Experimental Results

Tests were carried out at 5 and 10 atm food pressures with both
sizes of nozzle and the three different swirl chamber angles. The apex
angle of the spray cone, 2 a, was measured on the photographs taken during
the spray tests. In order to examine the performance test tubes were
placed under the nozzle vich was arranged to spray vertically dowrards
as shovn on page 4. Samples wera taken at different points of the spray
cone and the ratio of wiatcr to paraffin was determined as described in
Appendix I. To examine the emulsion another sample was collected in a
large beaker from which a s-p. was taken with a pipette and placed
between two slides for examination under the microscope. Microphotographs

- 7 -
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were taken of the emulsion ir so. ) cases, but cuing to the lapse of time,
vhich occurs before a photograph can be taken and the conseluent recom-
bination of the paraffin d1roplets, it was found better to judge the
quality of the emulsion by observation throujl a microscope. All the
microphotographs wre similar to that shown in fig. 3a althou&i the
emulsion is slightly coarser for a feed pressure of 5 atm than of 10 atm.
The only exception was an =mulsion obtained from nozzle A with p = 600;
a microphotograph of this emulsion is .;hown in fig. 3b. This emulsion is
soon to be coarser than that from other nozzles.

A series of tc;;ts %erc made to determine the mixture ratio distri-
bution for nozzles A and B uid the results arc surn rized in Table I
from vAich it is clear that nozzles with angle P = 30 are the most
suitable for use as mixing nozzles. The detailed results are given in
Appendix III.

Table I

Deviation from avcrago mixture ratio of emulsion

, Deviation fro,- tvorage ]lixturo 1ean Deviation
Nozzle Nozzle Ratio of Emulsion froi Yvorago

Angle (Food Pressura (Food Pressure Mixture Ratio
P 5 KE/s°I. c.) 10 Kj/si. cm.) of Emuls ion

150 0.4 1.3 0.9
300 0.9 0.9 0.9
600 1.7 10

15o 2.2 3.3 2.7

B 1. 7 0.2 1.0
600 3.2 3. 1 3.3

4.3 0alcula- iors on Optimum .ixing, Nozzl.

Calculations wore made by H. H Treutler of this department to
take into account the mechanical variables of the mixing process in
order to design the optimum mixing nozzle; the mathematical discussion
is included as Appendix IV of this note. For this purpose the centri-
fugal acceleration ac of the mixture and the total acceleration a
at varying spray cone angles a wore calculated for different nozzle
angles 0. The corresponding centrifugal "velocity" .ac Idt and total

"velocity" 1 Jajdt wcre obtained by integration. The values of
acceleration and "velocity" as a function of the spray cone angle a
are plotted in fig. 16 for the three cone angles 0 . The curves show
wid. variation in shape so it should be possible to determine expori-
mentally uhich of the four vri!.blcs has a decisive offect on mixing.
,s has already been pointed out, of the nozzles tested those with
P= 300 give the bkst re,sults, but to obtain a final decision on the
effect of the four vIi-bbes a largo number of experiments would be
necessary; since offectivu mixing has already boon obtained this pro-
grane of work has nct boon undertaken. If, however, mixing nozzles
become standard o_)uipmont this work would be of great importance in
offocting further improvement to the design.

5 Conclusions

The experiments descriLed in this note show that a fine emulsion
of fuel and oxidant can be made in a small space. It is, therefore,
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considered worthwhile pursuing work on the use of emulsions, and it is
proposed that this should be done in two stages. Firstly, the combustion
of individual droplets of emulsion should be examined in the laboratory
to determine whether their rate of combustion is greater than that of
separate droplets of fuel and oxidant. A few experiments have already
been made, but the viork requires special safety facilities which are not
at present available. Secondly the performance of motors with mixing
nozzle burners should be compared with motors using separate injection
system for the fuel and oxidant in order to determine whether a smaller
value of the characteristic length

L* -combustion chaxlbor volume

throat area

can be obtained by the first type of injection system than by the second.
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APPENDIX I

Determination of Mixture Ratio in the Spray

In order to determine the mixture ratio test tubes for taking
samples were placed under the nozzle. These tubes had sharp edges, and
small measured quantities of hydrochloric acid were filled into them in
order to make the emulsion separate quickly and to fill the round bottom
of the tube. The heights of the paraffin and water were then measured
by means of a rule.

This method was useful for rough estimations, but was not good
enough for exact measurement, mainly because the water/paraffin interface
in the tube was not clear. For exact measurements samples were taken
with the same test tubes clean and dry. Imediately after spraying the
samples were poured into pyknometers and then the mixture ratio was
determined from the density of the samples. This method proved to be
very accurate and the density could be determined at any convenient time,
as the total volue of the emulsion does not change when the emlsion
is partly or completely separated.

The percentage of water in the emulsion is given by the following
expression:

100 (de -%)

where de  is the density of the emulsion
d is the density of the paraffin

and dH20  is the density of the water.

- 10 -
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APPENDIX II

Drop Size of Spray from Solid Cone Nozzle

The spray from a solid cone nozzle looks much more coarse thanthat of a hollow cone nozzle. The Chemical Engineers Handbook 3 says:
"The hollow cone nozzle usually yields a somewhat smaller range of drop
size than the solid cone nozzle", (no figures are given); this was
confirmed by measuring drop sizes from sprays of the simple nozzle with
and without central jet (fig.lb and la). From fig. 13 it will be seenthat the solid cone spray comprises much larger drops than the hollow
cone spray at the sam feed pressure. It should, however, be pointedout that no alteration was made on the tangential inlet holes, the
throughput was, therefore, higher for the solid cone than for the hollow
cone and a higher throughput at the same feed pressure usually produces
bigger drops. Nevertheless, it is clear that the size distribution for
these two types of nozzles is different.

The above measurement waas taken by moans of a spray sampling device,
consisting mainly of a spring operated shutter, below which a slide ofglass coated with vaseline was placed. Imediately after spraying, anenlarged photograph was made from the slide. The diameters obtained fromthe photograph were multiplied by 0. 8 because according to Houghton and
Badford5 the flattening coefficient for water resting on vaseline is
0. 8 + 0.04. The flattening coefficient, which is the ratio between thetrue diameter of the globule and the observed diameter, depends on the
contact angle between the drop and the slide-surface and is independent
of the drop size for drops up to about 1 mm in diameter.

- 11 -
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APPeDIX III

Mixture Ratio Distribution for Experimntal Nozzles

The re-ults of tests cn experimentalrozzlos A and B for two
different in,)ection pressures and three different nczzle angles are given
in Table II which shows the average porcentage of water and the deviation
from the average percentage of water at different points of the spray.

Table II

Deviations from average emulsion mixture ratio

for experimental nozzles

Nozzle A Nozzle BNozzle Feed Average Deviation Average Deviation
Angle Pressure 7 from % from

(kg/cm2) of water Average % of water Average
of water

150 5 80.3 -0.1 86.2 -2.9
+0. 11

81.9 +0.3 +1-7
-1.0 +2.7
-0.2
+0.9
0

-0.7

150 10 80.5 ±2.4 85.6 -7.9
+1.0 -L,+1.1 -0.9
+0.3 +2.9

+3.2
-3.2
-1.8

8o'.5 -1. 1
+0. 7

++0.5

300 7c4 ,1.3 36.7 +0.9
-o. 8 +0.8
-0.6 -3.4

300 10 77.6 -0.2 86.8 -0.2
+0.2 +0.1

81.2 +0.4
+1. 9
-0.8
-1.

600 5 73.8 -0.2 83.9 -5.7
+0.2 +2.6

+2.0

600 10 74.7 +3.5 83-3 -2 ()
-1.9 -1.9
-1.5 +4.7
-0.1

- 12 -
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For each test the average percentage of -,er in the spra'y wastaken from all the seriples collect-d daring the test. Two figures ofthe average percentage of watr, for one nozzle indicate that two testshave been madce on the nz z i. In oo!u umns ) nd 6 arc given for nozzles
A and B respectivel- thfraono the avrera,e percentage of waterfor each series of VA . , thc. urc in illcolui,n s or 6 for onenozzle are C.parated by a tli.;on;; 11 tis indic.Lte: that the sanpleswere taken aL' t ae the I;;ra conc ;,,t right angler to one another.In all ca&.,cs thk fij% ,t If~.' j C: t< tj 1- insido cdhe of the cone andthe last to the outer cOng. AdUiticre l urcit, r indioat s,mxples taken
at equal interv-ids acro-s the ccn:..

Although 'he mixiure ratio fotribt for nozzle A ( = 600) isfairly gee I;his n .e soene to be 'oui cr use as a mixingnoz-,,lc bc.us- .the 1-7 ion i s coa.se. he ot r twovi ozzles of this
size ( 1 : 1 and j 0 c ) show no di.ff.r,nU in the uality of theOnulsion porouce and their mixturt ralio distribution characteristics
are almost idontical. 1oth nozzle can be considercd satisfactory. Themaximum deviation irem toe i.vr ,g aixturo ratio was i. 9' for nozzle A= oo) ,.nd sli 611 - e c) dslihtly r thru that for nozzle A ( 1 1,0)o, hencethe former may *c recomended for f-urther experiments. The Joseph LucasResearch Laboratories have also ocidod to use sinVio swirl nozzles with

= 5004.

For the P s,,erie(-s of nozz_l;s with a througihput of 5000 gm/soc(11 b/see) th,,t for which 3 = 6oo ,:-hews the worst mixture ratio distri-bution Thu'oter... . Ih, on- big deviation of 7.9% for 3 150 isprobably oex erirrmntal error "i thevition io r f l
, tl do ....... is, othe rwise fairly

uniform. Hence the no z withs 5t, a rd 300 arc about clualand !t.ost as good Las the sll,r It should also be noted thatin no case does the lighter cr ,e vi,r li,uid tend to be inside or out-side the sprey cone; all dovia,tios from the mea mixture ratio are quite
irregular.

- 15 -
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APPFNDIX IV

Calculations on Optimum Iviixing Nozzle

TI.H. Treutler

1 Introduction

This w,cork was originally undertaken at the suggestion of and in
conjunction with the late Dr. J Schmidt of this Department. It deals
with the mlxing of li,uids by the action of a nozzle and details are
given of calculations based on various values of the nozzle angle. The
efficacy of the nozzle as a mixing device is assumed to depend on one
of four quantities and it is concluded that their order of importance can
be determined experimentally.

2 General Considerations

The problem is to force the liquids into one another, in other
words, the motion of the liquids relative to each other is to be acceler-
ated. Obviously use will bo made of centrifugal acceleration by inject-
ing the liquids tangentially into the nozzle. A linear acceleration
moves all particles equally; it might, therefore, be expected that
centrifugal acceleration is more important in mixing since it is not
constant all over a cross section of a nozzle.

A linear acceleration can, however, only be effucted by using a
force; in this case the force used is the injection pressure; hencesubstances differing in density have different linear accelerations.
Therefore, the total acceleration is more likely to be a measure of the
effectiveness of the mixing. In addition, there is the possibility thatthe mixing may be imroved by allcnving the acceleration to act for a
longer tiiI: this suggests that the time integral of the acceleration
may be the decisive factor. On the other hand, centrifugal acceleration
acting for a long period nay redissolve different heavy substances.

3 Detailed Analysis

It is clear from the above that four iuantities can affect the
mixing. These are the centrifugal socceleration, the total acceleration,
the time integral of centrifugal acceleration and the time integral oftotal acceleration. Thase four quantities will now be discussed mathe-
matically in order to relate them to magnitudes measurable in experiments.
The symbols used in the discussion are indicated overleaf, and are also
shown in the following diagram.

/Diagram
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NX

X X

r moan radius, of' innor and outer surface of cone at any point on axiq

d difference of' inner end outer radii

s axial distance measured froimT base of cone towards orifice

p pressure drop from food resorvoir to any point in cone

tan- _ I nozzle anglo constant

U speed of' rotation at .my I.oint

17 linea r speu,,d along come axis at any point

a =ta& I sprvy naglo

P aver-41c Lni-Cty of liquids

-mssz rate, of f low nf liqjuids

Suf~fix 1 refers to base of nozzle cone-

Suffix 2 refers to orifice of nozzle cone

The three following oequat ions are kncwn:

(u 2  2) P/2g p()

ur constant (2)

w 27,ra. p W(3)

anid also

tan a 2 -u (4)
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3.1 Centrifugal Acceleration

The centrifugal acceleration ac  is given by:

u
2

- r

utilizing equations (1) and (4) we can write

u 2 = p sin2a
P

also from equations (3) and (4) it follows that

2Ad J2gplp cos (5)

r W

whence

ac3_, sina cos (6)

Plotting ac against a, a maximum is found to occur at

a= 540 30' as shown in fig. 16.

3.2 Total Accoloration

The total acceleration a is givon by

a = -) + (cu), , +

1,*d , dt,

now dvr = aw dar
at dr ds

w2 dr 1
4 2 a2 p2  ds r3

whence from equations (5) and (6)

a Z ! / cosa Jtan iCos2a + sin4a (7)

If a is plotted against a, a maximum is obtained only if

2 - 13

3.3 Time Integral of centrifugal Acceleration

The time integral of centrifugal acceleration is given by:

t2

lac I dt

ti
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no aRt dt ds d- ap
ds dr dp

andI
d s V 2 gp cosa

t 2
whence I d t = cotj " y, p-, slna tan a ()

ti

3.4 Time Integral of Total Acceleration

The time integral of total acceleration is given by

t 2

a j dt cot2 sin2 a tan2 a+l
tl (9)

4. Results

Taking KI  /32 d a gp/p

and K 2P Ip2 -i,
21

t 2  t 2

the dependenco of the four quantitics ac, a., a dt and /a dtIdt

on a and is given by the four following equations:

a0  K, sin2a COS 2 (6)

a KI  tan2  oos2 a + sin 4 acos a (7)

t2

ac Idt = K, cot sin tan (8)

t
t1

laI dt K2  ,cot 2  silnl2 tan 2 a + 1 (9)
tj

The values of ', ac , )2L, dt ed I are plotted against
K1  K1  K2  K2

a for 3 = 150, 300 and 600 in fig.16. The curves differ so much that it
should be possible to determine experimontally vhich of the four quan-
tities is the most important in the design of' a mixing nozzle.
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FIG. I.
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FIG. I. SECTION THROUGH SIMPLE SWIRL
MIXING NOZZLE.
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FIG. 2. EMULSION FROM SIMPLE SWIRL NOZZLE.
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FIG. 12 & 13.
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FIG. 14.
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FIG. 16
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